The aim of the study was to determine the pH effects on nitrogen removal in the anammox-enriched granular sludge. The experimental data were extracted from a 4 L completely-mixed batch reactor with the granular sludge at different initial pH values (6, 6.5, 7, 7.5, 8, 8.5, 9, 9.5, 10, 10.5) and constant temperature T ¼ 30 W C. Simulations were run in GPS-X 6.4 using a comprehensive mechanistic model Mantis2. Two kinetic parameters, the maximum specific growth rates of ammonia oxidizing bacteria (AOB) and anammox bacteria, were optimized at different pH scenarios.
INTRODUCTION
The anaerobic ammonium oxidation (anammox) process is a viable alternative to nitrogen removal by the conventional nitrification/denitrification. In practice, most of the anammox-based systems utilize mixed cultures of functional consortia predominated by anammox bacteria (Niu et al. ) . These systems are subjected to inhibition by many factors, including substrates (ammonia and nitrite), organic matter (nontoxic and toxic organic matter), specific compounds (salts, heavy metals, phosphate, sulfide), and variations in the operating conditions (Carvajal-Arroyo et al. ).
The pH is considered as one of the most important operating parameters affecting stoichiometry and kinetics of biological processes. The recent study by Carvajal-Arroyo et al. () has indicated sharp pH optima (7.3-7.5 ) in the specific anammox activities (SAAs) for both suspended and granular anammox enrichments, i.e., 17.32 ± 2.13 mmol N 2 /(gVSS·d) and 6.78 ± 0.71 mmol N 2 /(gVSS·d), respectively (VSS: volatile suspended solids). The impact of pH extremes has been attributed to the direct effects of pH or the pH-dependent un-ionized species, free ammonia (FA) and free nitrous acid (FNA), which are presumably toxic for the anammox and nitrification processes (Fernández et al. ; Daverey et al. ) . Chen et al. () proposed that low pH as well as FNA was responsible for anammox inhibition in acid solutions. Puyol et al. (b) proposed that high pH instead of FA was responsible for anammox inhibition in alkaline solutions. The inhibition has also been rationalized based on a disruption of the intracellular proton motive force over the anammoxosome membrane, thus directly affecting energy yield and cell survival (van der Star et al. ).
Hultman () proposed the first equation describing pH effects on the maximum specific growth rate of microorganisms. Antoniou et al. () proposed another equation describing pH effects on nitrification according to active ionized enzyme theory. The same equation was also suggested by Angelidaki et al. () but in a different form (also known as Michaelis pH function). However, none of these functions have been used in the anammoxenriched granular sludge. Serralta et al. () extended the activated sludge model ASM2d with pH calculations. Goel et al. () verified the pH predictions of the activated sludge model ASM2d. Hao et al. (, ) described several simulation studies on the behaviour of a partial nitrification-anammox biofilm system under different process conditions, including oxygen consumption, temperature and inflow variations. However, no mathematical model with pH calculation has been applied in the anammox-enriched system.
In this study, a comprehensive mechanistic model was combined with a pH calculation tool to optimize the kinetic parameters, including the maximum specific growth rates of ammonia oxidizing bacteria (AOB) and anammox bacteria, at different pH scenarios in a single system. Two different pH functions were used to determine the inhibitory effects of pH on the maximum specific growth rates of AOB and anammox bacteria in the anammox-enriched granular sludge.
MATERIALS AND METHODS

Extraction of experimental data
Experimental setup
The laboratory experiments were conducted in a 4 L completely mixed batch reactor with the anammox-enriched granular sludge at different initial pH values (6, 6.5, 7, 7.5, 8, 8.5, 9, 9.5, 10, 10.5) 
Analytical and microbiological methods
Concentrations of the inorganic N forms (NH 4 -N, NO 3 -N, NO 2 -N) were determined in the filtered mixed liquor every 30 min during the course of the batch experiments. The measurements were carried out using cuvette tests (Hach Lange GmbH, Germany) in a Xion 500 spectrophotometer (Dr Lange GmbH, Germany). The DO, pH and temperature were monitored continuously during the course of each batch experiment. The biomass composition for setting the initial conditions in modeling was determined using the metagenomic analysis (Sobotka et al. in press ).
Model description
The comprehensive model Mantis2, pre-installed in GPS-X 6.4 (Hydromantis, Canada), extends ASM2d and ADM1 (Anaerobic Digestion Model No. 1) with side-stream partial nitritation/denitritation and anammox process for nitrogen removal. The addition of a special algebraic pH solver also allows estimation of the actual pH value in the anammoxbased process by solving a set of algebraic equations for a charge balance along with the equilibrium equations for each ionic species. The growth rate function of AOB (μ AOB ) uses the total ammonia and oxygen saturation terms as well as FA and FNA inhibition terms, as follows:
where μ max,AOB is the maximum specific growth rate for The growth rate function of anammox bacteria (μ Anam ) uses the DO inhibition term as well as total nitrite and total ammonia saturation terms, as follows:
where μ max,Anam is the maximum specific growth rate for anammox bacteria (d In this study, in order to reflect the pH variations, the maximum specific growth rates of AOB and anammox bacteria were adjusted, using the Hultman pH function (Hultman ) (Equation (3) 
where the Hultman pH function gives a value of the maximum specific growth rate (μ max (pH) opt ) at the optimal pH (when pH ¼ pH opt ), and the parameters, pH opt and k determine the location and shape of the Hultman pH curve; the Michaelis pH function gives a value of the maximum specific growth rate (μ max (pH) 0.5 ) at the central pH (when pH ¼ 0.5(pK h1 þ pK h2 )), and the parameters pK h1 and pK h2 determine the location and shape of the Michaelis pH curve.
Organization of the modeling study procedure
Model layout
A completely mixed tank layout was set up in GPS-X 6.4 with a working volume of 4 L, using a DO controller and pH setup. The measured process variables, including NH 4 -N, NO 3 -N, NO 2 -N, DO, pH, temperature and mixed liquor volatile suspended solids as well as the constant microbial community composition (anammox, nitrifiers, heterotrophs) were imported for the simulation of the nitrogen removal processes at the different pH scenarios (6, 6.5, 7, 7.5, 8, 8.5, 9, 9.5, 10, 10.5) .
Initial microbial composition
The initial microbial composition of the anammox-enriched granular sludge was estimated based on the metagenomic analysis. The identified Proteobacteria phylum included heterotrophic denitrifiers and AOB (the AOB content in that phylum was approximately 0.5%). The Planctomycetes phylum was recognized as the main bacteria responsible for the anammox process. The other recognized bacteria were assumed to be initial particulate inert organic material in the model (Figure 1) .
Simulation of the pH effects on nitrogen removal
For model calibration, a special GPS-X utility called 'Optimizer' was used. Two kinetic parameters, the maximum specific growth rates of AOB (μ max,AOB ) and anammox bacteria (μ max,Anam ), were optimized based on the NelderMead simplex method with the maximum likelihood objective functions, using the measured NH 4 -N and NO 2 -N concentrations as the target variables, while NO 3 -N was not used as a target variable. The remaining kinetic and stoichiometric parameters (55 parameters) (Table S1 , available with the online version of this paper) were adopted without any change from the Mantis2 model (Hydromantis, Canada). The 95% liner-approximation confidence limits for the parameter estimates were calculated from the variancecovariance matrix. Furthermore, correlation matrices (μ max, AOB and μ max,Anam ) at the different pH scenarios were developed to evaluate the degree of correlation between the adjusted parameters.
RESULTS AND DISCUSSION
Model-based optimization of the maximum specific growth rates at the different pH scenarios
The two adjusted parameters (μ max,AOB and μ max,Anam ) at the different pH scenarios (from 6 to 10.5) (T ¼ 30 W C) are listed in Table 1 . Samples of the optimization results (R 2 close to 1) at three typical pH scenarios (pH ¼ 6, 8, 9.5) are shown in Figure 2 , which indicated a significant inhibitory effect of the extreme pH values (low pH and high pH) on the NH 4 -N and NO 2 -N removal performance by the anammox-enriched granular sludge. The actual pH values were simulated at the different pH scenarios by the algebraic pH solver. The adjusted model parameters (μ max,AOB , μ max,Anam ) were from the optimization. The peak value μ max,AOB at the different pH scenarios (from 6 to 10.5) was 0.81 Both parameters (μ max,AOB and μ max,Anam ) decreased greatly (90%) when pH deviated from the estimated pH optimum (pH ¼ 7.5) to pH extremes (pH ¼ 6 or pH ¼ 9.5).
The correlation coefficients were extracted from the offdiagonal elements of the correlation matrices at the different pH scenarios, which, by definition, indicate the degree of correlation between pairs of parameters (μ max,AOB and μ max,Anam ) and are always between 0 and ±1. The correlation coefficients, calculated in GPS-X 6.4 for the different pH scenarios, varied in the range of À0.45 and À1 (Figure 3) . A negative sign implied that an increased μ max,AOB was compensated for by a decreased μ max,Anam . This provided the evidence that AOB and anammox bacteria are highly correlated due to their shared substrate and product.
The mechanisms of the pH effects on the anammoxenriched sludge inhibition threshold value (when pH >8) and thus those concentrations may also have potential inhibitory effects on anammox activities in alkaline solutions. Therefore, the pH effects on nitrogen removal in the anammoxenriched granular sludge could reasonably be explained by the inhibition of high FA concentration (at high pH), the inhibition of high FNA concentration (at low pH) and a disruption of metabolic processes at extreme pH values.
Implementation of pH functions in the maximum specific growth rates
The optimized parameters, maximum specific growth rates of two consortia of bacteria (AOB and anammox bacteria), are shown in Figure 5 . The two examined pH functions, the Hultman pH function and the Michaelis pH function, were used in the non-linear fitting process to explain the pH dependence of the maximum specific growth rates of both groups of bacteria (Table 2) . Both Hultman pH function and Michaelis pH function gave a superior description of the measured data (R 2 close to 1).The pH optima for AOB and anammox bacteria were 7.4 and 7.6, respectively. The maximum specific growth rate of AOB at the pH optimum was 0. optimized maximum specific growth rates for each examined pH. The Michaelis pH function was also used to fit the measured SAAs (Table 3) . The predicted SAAs, shown in Figure 6 , corresponded well with the measured SAAs (R 2 ¼ 0.988). (Li et al. ) . Furthermore, the observed SAAs decreased considerably (more than 90%) when pH deviated from the optimal value (pH ¼ 7.6) to pH extremes (pH ¼ 6 or pH ¼ 10).
CONCLUSIONS
The estimated optimal pH values for AOB and anammox bacteria were 7.4 and 7.6, respectively. The maximum specific growth rates of AOB and anammox bacteria at the pH optima were 0. described by the two examined pH functions, i.e., the Michaelis pH function and the Hultman pH function. The impact of the pH extremes on the anammox-enriched granular sludge resulted from the inhibition of FA (at high pH) and FNA (at low pH) and the inhibition of the pH extremes on the intracellular proton transfer for cell survival. Therefore, the existing mechanistic models need extensions with respect to the pH inhibition functions on the maximum specific growth rates of both AOB and anammox bacteria.
